Although (1), it has generally been assumed that the mechanism of this reaction involves the initial formation of enzyme-bound a-iminoglutarate from a-ketoglutarate and ammonia (N) followed by the reduction of that imine by NADPH in a subsequent step: o NH3 NH
To obtain direct evidence for a-ketimine formation in the enzyme-catalyzed reaction, and to determine the molecularity of the complex or complexes involved in its formation, we have measured the rate of exchange of the carbonyl oxygen atom of a-ketoglutarate during the course of the complete reaction and in a variety of conceivably competent complexes. The results of that study are reported here.
EXPERIMENTAL Materials
Bovine liver glutamate dehydrogenase obtained as an ammonium sulfate precipitate from Boehringer Mannheim was filtered through Norit A (activated charcoal) as described (5) and dialyzed overnight against 0.1 M potassium phosphate buffer (pH 7.6) before use. The enzyme, NADPH, and NADP concentrations were determined spectrophotometrically, using molar absorption coefficients of 6280 = 54,400, E340 = 6300, and 6259 = 17,800 M-1 cm-', respectively.
Abbreviations: E, glutamate dehydrogenase (enzyme); R, NADPH (reduced); 0, NADP (oxidized); K, a-ketoglutaric acid; N, ammonia in all forms; G, L-glutamate. tThe glutamate dehydrogenase catalysis of the reduction of a cyclic imine by NADPH (2) , the observation of an isotope effect in the glutamate dehydrogenase reaction when L-[2-2H]glutamate was employed (3) , and the trapping of a-iminoglutarate on the enzyme surface by NaBH4 reduction in the absence of NADPH (4) are evidence in support of an imine mechanism for the glutamate dehydrogenase reaction.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. Samples of the reaction mixture (0.5 ml) were withdrawn periodically and added to 50% H202 solution (0.5 ml). The excess H202 was destroyed with catalase. The solutions were acidified to pH 3.6 ± 0.1 with 1 M formic acid (0.1 ml) and the succinic acid was extracted with ether (5 ml). The succinic acid was esterified with diazomethane and analyzed for its 180 content by using mass spectrometry as described previously (9) . The processing of mass spectral data to obtain kinetic information has also been described in detail previously (9 Fig. 1 . In the absence of ammonia, only a single phase consisting of a slow exponential loss of isotope is observed. The rate constant for this process of 2.7 ± 0.3 x 10-3 s-1 is very similar to that observed for the single-phase exchange in the absence of enzyme and coenzyme at this pH and temperatureA In the presence of ammonia, however, the time courses are seen to be biphasic. In each case (except for the very highest ammonia concentration used) the first phase has gone to completion within 5 s, and in each case we find that all ammonia has disappeared within that time.
The dependence of the amplitude of this rapid first phase on the initial ammonium ion concentration is shown in Fig.  2 . The amount of rapid phase exchange is zero in the absence of ammonia. With increasing concentrations of ammonia, the extent of the rapid phase exchange increases until at initial concentrations of ammonia equal to or exceeding the initial concentration of a-ketoglutarate, total exchange is completed within the first phase. It is evident then, that the phenomenon of a rapid initial exchange phase requires the presence of ammonia as well as a-ketoglutarate itself.
The experiments described thus far, in which the ammonia-dependent biphasic exchange phenomenon was observed, have all involved the simultaneous presence of E, R, K, and N. To determine the minimal number of components (in addition to K and N) necessary for the occurrence of the rapid first phase, the exchange rate of K was measured in solutions containing K and N alone; E, K, and N; or E, R, K, and N; at concentrations comparable to those of the earlier experiment. The results are shown in Table 1 . Solutions containing K and N and those containing E, K, and N showed only a slow monophasic exchange. The addition of N alone produced no measurable change in the normal rate tSince further studies are needed to determine whether this apparent identity holds under other conditions or whether it is fortuitous, the rate of this phase will not be discussed further in this paper. of exchange of K; the addition of both E and N caused only a 2-fold increase in the rate of K exchange. The addition of R to the solution containing E, K, and N, duplicating the conditions of the experiment of Fig. 1 , does, of course, result in the appearance of the rapid early exchange phase. It is clear, then, that the simultaneous presence of E, R, K, and N is a necessary condition for the occurrence of the rapid exchange phase.
Since the rapid phase has gone to completion before the first measurements, which were taken at 5 s, the half-life of that phase must be less than 0.5 s. On that basis, we can calculate that the rate constant for the rapid phase must be at least 250 times that of the exchange reaction in the presence of E, K, and N alone. However, stopped-flow spectrophotometric measurements of the E, R, K, and N reaction show that the half-life for ammonia disappearance is less than 50 ms. If the extent of the rapid oxygen exchange reaction is limited by the disappearance of N, as our evidence indicates, then the rate constant for the rapid exchange phase must be a minimum of 2500 times that of the rate constant for the exchange in the E, K, and N reaction. Since the reaction products NADP (0) and L-glutamate (G) are produced in the presence of E, R, N, and K, it is necessary to rule out the possibility that the observed 180 exchange is due to the reversal of the overall reaction (shown in Scheme 1) caused by the appearance of small amounts of those products. The 180 exchange was measured in solutions containing varied concentrations of added G or O in addition to E, R, K, and N. The effect of this added product is shown in Fig. 3 . It can be seen that the amplitude of the first phase exchange is unaffected by the presence of even very high concentrations of the products. Other experiments with 0 and G present together gave similar results. We conclude that the reverse reaction is neither responsible for, nor contributes in any way to, the rapid first phase. § Under the conditions of the experiments shown in Fig. 1 (10) . The results described up to this point, then, lead to the conclusion that this ERKN complex itself, its formation, or its dissociation must be responsible for the rapid first-phase exchange phenomenon.
Chemical Mechanism of the Rapid Exchange Phenomenon. Two possible mechanisms are consistent with the facts described thus far: (i) an ammonium ion-catalyzed formation of an a-gem-diol; and (ii) a-ketimine formation. The gem-diol mechanism is shown below: It should be noted that catalysis by ammonia, ammonium ion, or both is an essential component of this mechanism, since the phenomenon does not occur in its absence. The following points argue strongly against such a mechanism.
(i) If both hydration and dehydration steps occur on the enzyme surface, both processes would be expected to be stereospecific, since the analogous addition of ammonia to enzyme-bound a-ketoglutarate produces only L-glutamate. As can be seen in Scheme 3, the dehydration step in such a (ii) If the ammonia-catalyzed hydration were to occur on the enzyme surface with subsequent release of the gem-diol into solution, the dehydration would remove one of the two hydroxyl groups randomly and exchange could result. However, we have previously reported (11) the rate of the diol-toketone reaction of a-ketoglutarate, and that rate is too slow to account for the observed rate of exchange by 2 orders of magnitude. It is also useful to note in this connection that adihydroxyglutarate is not a substrate for this enzyme (11) .
We are left then with the remaining possibility-a mechanism involving ketimine formation. The mechanism shown in Fig. 4 does account for the experimental findings and is consistent with other known features of the enzyme, its complexes, and its catalytic reaction. The portion of the mechanism enclosed by the curved (dashed line) box simply leads to a very rapid exchange of the a-keto oxygen atom of K without any loss of ammonia. The internal redox step of the ER-a-iminoglutarate complex shown in the vertical (dotted line) box, however, does remove ammonia from the solution. This step is for all practical purposes irreversible in the absence of added 0 and G under the range of conditions used in the experiments. Therefore, when the ammonia has been completely removed by the redox step, the rapid exchange portion of the mechanism also stops, since the first step in the curved box can no longer proceed. .45 x lo-3 S-1, respectively, for the formation and dissociation of a-iminoglutarate from K and N at 00C in 0.2 M ammonium acetate solution of pH 9.4; and they have also reported only a 4.5-fold increase in the rate of this iminoglutarate formation when 71 utM enzyme was included in the reaction mixture. The presence of enzyme increased the equilibrium amount of a-iminoglutarate only slightly. These observations are consistent with our finding that the addition of enzyme, even at very high concentrations, leads only to a small increase in the rate of carbonyl oxygen exchange in K in the absence of R. Thus, the enzyme alone neither shifts the equilibrium in favor of a-iminoglutarate nor accelerates its attainment significantly. When NADPH is included in the reaction mixture, Brown et al. (10) have shown that the dissociation constant of ammonia from the quaternary ERKN complex is 0.045 M at 20'C in pH 7.6 buffer, and they have estimated the off rate constant for this step to be >370 s-1. If, as Rife and Cleland (13) have proposed in their mechanism, ammonia adds to the a-ketoglutarate directly in the ERK complex, this implies a >300-fold increase in the equilibrium iminoglutarate concentration and a >10,000-fold increase in the rate of keto imine interconversion brought about by NADPH. Indeed, Rife and Cleland's suggestion that the EK binary complex could be considered to be a dead-end complex for all practical purposes now appears to be a very reasonable viewpoint.
Partitioning of the Iminoglutarate (ERKN) Intermediate. Returning to the mechanism postulated in Fig. 4 Proc. NatL Acad Sci. USA 81 (1984) I steps are being measured in both cases. This agreement is sufficiently good to assure us that the ERKN complex contains bound a-iminoglutarate (or its corresponding carbinolamine) and that this complex is an obligatory intermediate on the reaction path.
There is, however, an additional point to which these results lead. It was pointed out by Peter Hemmerich (personal communication) that while discussions of flavin-linked dehydrogenase mechanisms usually revolve around the reactions of the prosthetic group almost exclusively, with almost no mention of the properties of either the substrate or the protein, equivalent discussions of pyridine nucleotide dehydrogenase mechanisms seem to consider the properties of the protein and those of the substrate extensively but rather ignore the coenzyme. The observation is quite on the mark; examination of all of the most detailed mechanisms written for the enzyme, including our own (14) and those of Rife and Cleland (13) and Smith et al. (15) , all show NADPH as being involved explicitly only in the obvious hydride-transfer step and then appear to carry it along in the reaction scheme in what might be termed an "occult role." This continued inclusion in subsequent steps without a specified role is an implicit recognition by most investigators of the fact that many of these steps, which do not appear to involve NADPH directly, simply do not go on in its absence. Therefore, the finding reported here that the presence of NADPH at the active site induces the formation of enzyme-bound a-iminoglutarate, and that this effect does not involve hydride transfer from the coenzyme, would appear to be of some importance. While we still do not know how NADPH exerts this nonreductive effect, we now know that the effect involves the induction of the formation of a-iminoglutarate at the active site of the enzyme, and we also know the point in the reaction sequence at which this effect occurs.
